Populations of seasonal influenza virus experience strong annual bottlenecks that pose a considerable extinction risk. It has been suggested that an influenza source population located in tropical Southeast or East Asia seeds annual temperate epidemics. Here we investigate the seasonal dynamics and migration patterns of influenza A H3N2 virus by analysis of virus samples obtained from 2003 to 2006 from Australia, Europe, Japan, New York, New Zealand, Southeast Asia, and newly sequenced viruses from Hong Kong. In contrast to annual temperate epidemics, relatively low levels of relative genetic diversity and no seasonal fluctuations characterized virus populations in tropical Southeast Asia and Hong Kong. Bayesian phylogeographic analysis using discrete temporal and spatial characters reveal high rates of viral migration between urban centers tested. Although the virus population that migrated between Southeast Asia and Hong Kong persisted through time, this was dependent on virus input from temperate regions and these tropical regions did not maintain a source for annual H3N2 influenza epidemics. We further show that multiple lineages may seed annual influenza epidemics, and that each region may function as a potential source population. We therefore propose that the global persistence of H3N2 influenza A virus is the result of a migrating metapopulation in which multiple different localities may seed seasonal epidemics in temperate regions in a given year. Such complex global migration dynamics may confound control efforts and contribute to the emergence and spread of antigenic variants and drug-resistant viruses.
evolution | molecular epidemiology | source-sink | phylogeography I nfluenza A is a major respiratory infection of humans, with annual epidemics occurring in Northern and Southern temperate regions (1) . On a global scale, viral migration between regions with high seasonal disease incidence is important in determining large-scale epidemiological patterns of influenza (2) . Phylogenetic analysis of H3N2 influenza A viruses on a local scale has shown that seasonal increases in relative genetic diversity of the virus population correspond to seasonal increases in viral incidence (3) . However, most lineages go extinct soon after their emergence, with few persisting between seasonal epidemics (1) (2) (3) (4) . Accordingly, local epidemics are annually seeded from other regions (5) . In addition, the relative genetic diversity of influenza virus in temperate regions is clearly limited by the population bottlenecks that occur at the end of seasonal epidemics (1) (2) (3) (4) (5) .
Influenza infections of humans exhibit more variable seasonal patterns in tropical and subtropical zones than in temperate regions (6) . Approximately 30% (2.1 billion) of the global population is concentrated in tropical East and Southeast Asia, often in large urban centers (7) . Epidemiologically, these densely populated and highly connected regions have year-round influenza circulation but semiannual increases in influenza activity associated with winter seasonal peaks in both Northern and Southern hemispheres (8) (9) (10) . This finding, coupled with analyses of phylogenetic and antigenic diversity, led to the idea that East and Southeast Asia may function as reservoirs that maintain high diversity of influenza viruses that seed seasonal influenza outbreaks in temperate regions; that is, influenza viruses circulating in East and Southeast Asia may represent a global source population, but temperate regions represent ecological sinks (3, 11, 12) .
The rapid global spread of severe acute respiratory syndrome in 2003, which originated in Southern China, demonstrated how an infectious disease could rapidly spread through a flightconnected network (13, 14) . However, equivalent studies to describe the evolutionary behavior and migration dynamics of influenza viruses in tropical regions are lacking and remain a major gap in our understanding of the epidemiological dynamics of influenza on a global scale.
In Global Phylogeny and Geographic Signal. Phylogenetic analysis of the HA1 domain showed viruses isolated from the same year and region tended to cluster together, but with frequent mixing with those from other regions (Fig. 1) . To formally test if sequences were more strongly clustered by geographical location than expected by chance alone, and if this effect was supported statistically, given uncertainty in tree topologies, we used a phylogenetic trait-association test (15) . This analysis revealed strong and statistically significant geographic structuring for each location (P < 0.001), suggesting localized annual epidemics (Table 1) .
Region-Specific Evolutionary Behavior. It was evident from the phylogenetic analyses that epidemics in Europe, New York, Japan, Australia, and New Zealand (temperate regions) experienced significant annual population bottlenecks ( Fig. 2A) . Specifically, the extensive seasonal outbreaks in these regions generated numerous lineages but very few persist locally through time. Moreover, during these temperate epidemics we found that the majority of lineages coalesced 6 to 8 mo before the outbreaks, consistent with the continual introduction of diverse viruses (5) (Fig. 2A) .
In contrast, multiple lineages cocirculated in both Hong Kong and Southeast Asia, often with a common ancestor that existed 1 to 2 y before virus sampling, thereby providing evidence of some long-term persistence ( Fig. 2A) . However, this observation may be, to some extent, an artifact of less rigorous sampling in Hong Kong and Southeast Asia relative to temperate regions, and the long branches, indicative of persistence, could represent unsampled diversity or introductions from other regions (16) .
Seasonal Fluctuations in Relative Diversity of Different Geographic
Regions. Bayesian "skyride" reconstructions (17) demonstrated strong seasonal periodicity in relative genetic diversity in temperate zones, with major fluctuations through time (Fig. 2B ). In comparison, in Southeast Asia and Hong Kong we observe lower levels of relative genetic diversity of influenza than in temperate regions ( Fig. 2B) , although in the latter regions there is some biannual fluctuation in diversity that corresponds with both temperate epidemics. We assume that the strength of natural selection, virus mutation rates, and generation times are broadly similar among all human populations, regardless of geographic location, such that any differences observed between regions likely represent differences in viral population size. Hence, these results suggest that influenza transmission in Hong Kong and Southeast Asia was not as extensive as that observed in temperate regions, which are characterized by local epidemics and widespread transmission that generates and sustains greater levels of relative genetic diversity throughout the epidemic.
There are two possible explanations for this pattern: either virus populations are smaller in Hong Kong and Southeast Asia or viruses are repeatedly introduced into Hong Kong and Southeast Asia (where they are not sustained) from other geographic regions experiencing epidemics. Our phylogenetic analysis strongly supports common ancestry of viruses isolated in Hong Kong and Southeast Asia with viruses from other regions. This linkage supports a model of repeated introductions rather than local circulation (Fig. 1) . Regardless, the low levels of relative genetic diversity observed make it unlikely that populations in Hong Kong or Southeast Asia are able to support a genetically isolated, locally persistent source population for global influenza epidemics during the period of sampling. Viral Migration and Persistence Through Discrete Geographic Regions.
We tested three different models of viral migration using phylogeographic trait reconstruction (18) to assess the potential persistence of influenza A virus in Southeast Asia and Hong Kong: (i) we assumed there was no seasonality in Southeast Asia and Hong Kong (Fig. 3A) ; (ii) we assumed biannual epidemics in Southeast Asia and Hong Kong that correspond to temperate seasonal epidemics (Fig. 3B) ; and (iii) we grouped regions into epidemic zones (Northern, Southern and Tropical), treating Hong Kong plus Southeast Asia as a single discrete character with seasonality corresponding to northern and southern temperate epidemics (Fig. 3C ). Although each analysis performed well, the second model possibly suffered from overparameterization, suggesting that the additional parameters of seasonality in Southeast Asia and Hong Kong are not appropriate, consistent with epidemiological data (8) . As a result, it was difficult to recover consistent state transitions between each randomized dataset for the more complicated models, even when Bayesian sampling exceeded 100 million generations per run (Fig. 3B) . Our results showed frequent two-way migration between temperate and tropical Asian regions, as well as direct viral movement between temperate regions. Critically, each model supported populations of viruses migrating between regions with no persistence in Southeast Asia or Hong Kong.
To formally test if one of these regions represents a global source population, we estimated the rate of viral migration between the seven geographic regions, assuming the regions and seasonal patterns as described in Fig. 3A . This analysis revealed that no single location seeded every annual epidemic in other locations; rather, multiple geographic regions occupied sections of the tree backbone (SI Appendix, Fig. S11 ). Evidence for viral migration among these regions was observed and these phylogeographic linkages were mapped to visualize transmission dynamics (Fig. 4) . The highest rates of viral migration with statistical support [Bayes factor (BF) > 10] were observed consistently within a season (Table 2) Figs. S4, S5 , S6, S7, S8, S9, and S10 for virus names and SI Appendix, Table S1 for sequence accession numbers. (Fig. 4 and Table 2 ). In addition, our results reveal that outbreaks in temperate regions could be seeded from multiple sources. Specifically, the 2005 Northern hemisphere epidemic was introduced to New York from Australia and Southeast Asia (Fig. 4 and Table 2) .
Taken together, these results suggest that although viral populations migrating between Southeast Asia and Hong Kong may persist, maintenance of this population was dependent on migration from temperate epidemics, and that no single geographical location acted as global source population during the period of sampling, such that it is difficult to predict the global source of any specific outbreak.
Discussion
Our study reveals that, during the period 2003-2006, there was regular migration of populations of H3N2 influenza A virus between regions with coinciding epidemic peaks and connecting annual outbreaks in temporally offset epidemics in temperate zones. Several alternative models have been proposed to explain global dynamics of seasonal influenza, including a hypothetical source population in tropical regions, likely East or Southeast Asia, which seeds annual outbreaks in temperate regions (3, 11) . In contrast, we show that migration into East and Southeast Asia occurred throughout the time period studied and that this migration contributed to the local persistence in these regions, and that seasonal epidemics in temperate regions were seeded from a variety of geographical sources, including directly from other temperate outbreaks.
A suggested alternative model is that there are no restrictions for viral migration between temperate or tropical regions (i.e., an equal contacts model, in which China and Southeast Asia and the United States serve as primary hubs for viral migration) (12) . However, this study did not account for strong annual population bottlenecks or differing seasonality across large countries (e.g., China), thereby treating the sampling country as the main indicator for estimating migration. Therefore, it is not possible to distinguish the annual contributions to the global influenza virus population of, for example, Hong Kong versus Shanghai or Beijing, which have different climatic conditions and hence might experience very different population dynamics. Although both studies support complex migration dynamics rather than a single source population restricted to one locality, the additional complexity included in our phylogeographic model reveals a continually migrating population.
Even though influenza virus circulates globally in humans, host populations are unevenly distributed within a network of flightconnected, highly dense urban centers (14) . The discrete phylogeographic model used here shows that viruses from multiple geographic origins may seed influenza epidemics. The success of a given lineage through time is therefore most likely the result of a combination of competitive exclusion and stochastic factors, rather than its geographic origin alone. Although our study suggests that viral migration between urban centers does occur, the global persistence and re-emergence of annual epidemics in different regions are only likely to occur when viral migration into discrete regions occurs when the environment is suitable, based on factors that are still not entirely understood (i.e., absolute humidity, population density, and behavior) (19) (20) (21) .
Although the absolute size of the global influenza population is large, the effective population size in any one region may be much smaller. Thus, by examining temperate regions where seasonal influenza epidemics are synchronized, it is possible to capture the full diversity of circulating lineages. However, tropical and subtropical regions do not have synchronized seasons. In source-sink ecological models the source population is expected to maintain high levels of genetic diversity through time such that it can reseed the sink populations that frequently undergo bottlenecks (22) . It is possible that the lower levels of genetic diversity observed in Southeast Asia and Hong Kong may represent relatively stronger natural selection, perhaps resulting from a long, slow season in tropical regions, compared with short, fast seasons observed in temperate region. Although we found no evidence for differences in viral behavior in the tropics, the possible effect of geographic structuring with natural selection on phylogenetic structure clearly merits further study.
Here we show that no region included in our study maintains a sufficiently diverse pool of viruses to act as a source population. In contrast, the diversity of the global influenza population is maintained by a series of temporally overlapping epidemics coupled with high rates of migration. Although persistence is higher in regions with less seasonality, epidemics in Southeast Asia and Hong Kong are reseeded from elsewhere. Therefore, our results show it is a globally circulating metapopulation that ensures the long-term survival of influenza virus in humans.
A clear limitation of this analysis is that comprehensive data from many major urban centers is lacking and that we have considered a relatively short time span. In particular, the viral migration to and from major urban centers in continental Europe, Africa, South and Central Asia, and South America remains unknown. Although influenza surveillance is robust in many of these regions, insufficient gene sequencing coupled with associated metadata is available to understand the spatial and temporal evolutionary dynamics in detail. The complex metapopulation dynamics described here suggest that the connectedness of an urban center to other regions may dictate the timing and spatial dissemination of influenza epidemics. Current strategies for the control of influenza by vaccination are based on the biannual selection of vaccine candidates for the Northern and Southern hemispheres and require an understanding of genetic and antigenic variants circulating and the potential for new variants to emerge (23) . Although such actions represent an effective vaccine strategy in temperate regions, the complex global dynamics we observe suggest that efforts to control influenza should include region-specific strategies to advance the current global policy.
Materials and Methods
Virus Isolation and Sequencing. The Clinical Virology Unit at Queen Mary Hospital, Hong Kong, is one of the three clinical virology laboratories in Hong Kong and serves the hospitals on Hong Kong Island. The specimens studied here were predominantly those from children hospitalized with acute respiratory illness. The influenza virus isolates were all collected as part of routine clinical work up. In this study we sequenced 105 full genomes of human H3N2 viruses isolated from 2004 to 2005. These sequences were analyzed with additional sequences from GenBank.
Phylogenetic and Coalescent Analysis. We analyzed 1,266 H3-HA sequences (SI Appendix, Table S1 shows National Center for Biotechnology Information accession numbers) with at least 900 nucleotides sampled from Europe, New York State in the United States, Japan, Australia, New Zealand, and Southeast Asia (after removing identical sequences). These regions were selected based on the availability of data from well-characterized epidemics (with exact date of isolation) and human migratory networks, including East and Southeast Asia. Therefore, this analysis was limited to a variety of geographical locations from the period 2003-2006, all of which are publicly available via the Influenza Virus Resource at National Center for Biotechnology Information (24) . For computational tractability we analyzed three randomly selected datasets with 75 virus HA1 sequences (987 nucleotides) from each region. Our final HA dataset comprised 525 taxa from seven localities, including Hong Kong, with temporally overlapping influenza epidemics.
We used time-stamped sequence data with a relaxed-clock Bayesian Markov-chain Monte Carlo method as implemented in BEAST v1.6.2 for phylogenetic analysis (25, 26) . For all analyses we used the uncorrelated lognormal relaxed molecular clock to accommodate variation in molecular evolutionary rate among lineages, the SRD06 codon position model, with a different rate of nucleotide substitution for the first plus second versus the third codon position, and the HKY85 substitution model then applied to these codon divisions (27) , except where noted below. This analysis was conducted with a time-aware linear Bayesian skyride coalescent tree prior over the unknown tree space, with relatively uninformative priors on all model parameters except, a normal prior of 0.0031 substitutions per site per year (SD 0.001) on the mean substitution rate and a normal prior on the mean skyride size (log units) of 11.0 (SD 1.8). We performed at least three independent analyses of 50-million generations. These analyses were combined after the removal of an appropriate burn-in (10-20% of the samples in most cases), with 5,000 generations sampled from each run for a total of 15,000 trees and parameter estimates.
Tests of Geographic Association at Tree Tips. To determine the extent to which the distributed H3N2 influenza populations were geographically structured, based on location the virus isolate was sampled, we performed a phylogenetic-trait association analysis using the posterior distribution of trees produced by BEAST (see above). These geographic regions were coded onto the tips of 5,000 posterior sampled trees and these trees were analyzed using the maximum monophyletic clade size (MC) statistic available within the BaTS program and using 1,000 randomizations (15) . This statistic determines the association between sampling location and phylogeny by estimating the size of the largest cluster of sequences sampled from each sampling location. Significance for this test was determined with a critical P < 0.01 and 0.01 ≤ P ≤ 0.05 marginally significant, and P > 0.05 not significant.
Bayesian Skyride Reconstruction of Past Population Dynamics. The annual changing patterns of relative genetic diversity in viral isolates within each locality were compared by Bayesian skyride analyses (17) . All available data from each geographical location studied here, was analyzed separately. The Bayesian skyride model uses a piecewise demographic model with a Gaussian Markov random field smoothing prior as described above (17) .
Estimates of Viral Migration Through Discrete Geographic Regions. We used a nonreversible continuous-time Markov-chain model to estimate the migration between geographic regions and the general patterns of global circulation of influenza A virus (18) . This analysis was restricted to the seven previously identified geographic regions. A constant-population coalescent process prior over the phylogeny and a simplified model of nucleotide substitution (HKY85) was used in this analysis. Previous reports suggest less restrictive demographic priors have little effect on the phylogeographic inference (18) . In this test we assumed each geographic region and influenza season was a discrete character; for example, an isolate collected from October 2002 to February 2003 in New York was assigned the discrete character, "New York 2003," resulting in a total of 22 location/season states. These discrete characters were subsequently mapped onto the internal nodes of the phylogenetic trees sampled during the Bayesian analysis. Given the large number of states, a Bayesian stochastic search variable selection (BSSVS) was used to reduce the number of parameters to those with significantly nonzero transition rates (18) . The BSSVS explores and efficiently reduces the state space by using a binary indicator (I) (18) . The BSSVS also calculates a BF, allowing the support for individual transitions between location/season states to be assessed. The BF is a function of I and was deemed statistically significant where I > 0.5 and the BF > 6. Supported state transition where the mean I was <0.5 were indicated with a dashed line. In this analysis, statistical supports with BF > 100 indicate decisive support, whereas 6 ≤ BF ≤ 10, 10 ≤ BF ≤ 30, and 30 ≤ BF ≤ 100 indicate substantial, strong, and very strong statistical support, respectively.
To further assess if virus populations in any region were persistent, we assumed there was seasonality in Southeast Asia and Hong Kong to discriminate between migration events corresponding to and from the northern and southern epidemic seasons and to assess persistence of viral populations in Southeast Asia and Hong Kong. This analysis assumed there were 29 location/season states. We also grouped regions into epidemic zones (Northern, Southern, and Tropical), again assuming seasonality in the tropical zone (Southeast Asia + Hong Kong), corresponding northern temperate (Europe + New York + Japan), and southern temperate (Australia + New Zealand) annual epidemics (14 location/season states).
We found no evidence for reassortment-a potential confounder-in these analyses (SI Appendix, Figs. S12, S13, and S14).
